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I. Introduction 

 

I.1 Overview of edema mechanisms 

Cerebral edema is characterized by the pathologic increase of brain water content 

paralleled by the expansion of cerebral tissue, which may appear as a common 

consequence of a number of diverse pathologies such as brain trauma, ischemia, 

hypoxia, hyponatraemia, tumors, inflammation, prolonged neuronal excitation 

(cortical spreading depression and seizures) and metabolic disturbances. 

Mechanistically, cerebral edema may either involve the cytotoxic swelling of brain 

cells, mainly astrocytes (cytotoxic edema) or the accumulation of fluid in the 

extracellar compartment (vasogenic or extracellular edema) (Klatzo 1967). In either 

setting one major consequence of brain swelling is the elevation of intracranial 

pressure as the rigid skull limits the brain expansion. Elevated ICP opposes cerebral 

perfusion pressure (CPP) thus reducing cerebral blood flow (CBF) leading to 

metabolic compromise (Oyesiku et al, 1990). Cerebral edema is also associated with 

the loss of autoregulation in the brain vasculature (Hemphill et al, 2001), which leaves 

the brain exposed to fluctuations in blood pressure and may lead to elevations in 

cerebral blood volume contributing to the expansion of the brain. Two relevant 

systemic pathologies related to brain trauma are cerebral salt wasting (Lu et al, 2008), 

and diabetes insipidus (Behan et al, 2008), both of which result in the disruption of 

plasma osmolarity (hypo- and hypertonicity respectively) which translates to 

alterations in brain water content. To battle all these consequences in the clinical 

arena, multi-organ management (pulmonary, circulatory and renal) is required to 

restore and maintain cerebral oxygenation, perfusion as well as maintain serum 

osmolarity. Our therapeutic tools however, have remained unchanged for the past 

decades while the control over cytotoxic cerebral brain swelling is still often 

insufficient. Therefore there remains a strong drive to uncover new avenues for the 

management of cerebral edema via exploring its mechanisms.  

On the microscopic level, the development of cytotoxic edema is related to the 

excessive swelling of astrocytes. Under physiological conditions, these cells 

constitute a neurophil-spanning network, which maintains CNS environment. These 

cells have the ability to swell several times their size in cytotoxic edema, which result 

in the contraction of brain extracellular space (related to the expansion of astrocyte 

volume at the expense of ECS) and collapse of capillary microvessels embraced by 

the swollen astrocyte end-feet. Although these phenomenons have long been 

described (Van Harreveld and Khattab, 1967; Van Harreveld and Malhotra, 1967; 
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Vaz et al, 1997), we know little about their in vivo mechanisms, they never were 

translated into our bedside practice and thus received almost no clinical attention. We 

do know however, that the molecules facilitating the rapid trafficking of water 

trafficking inside the astrocyte network are the transmembrane water channel 

aquarporin 4 (AQP4) and the glial gap junction protein connexin 43 (Cx43). We 

hypothesized, that based on its role in facilitating astrocyte swelling, the function of 

AQP4 also promotes ECS contraction and microcapillary compression in cytotoxic 

edema. We also examined whether frequent mutations in the AQP4 gene -detected in 

a population of volunteers (Sorani et al, 2008)- would translate into altered channel 

function. Finally to further explore the development of cytotoxic edema on the level 

of the astrocyte network, we examined the regulatory changes of Cx43 in a seizure 

model. 

 

I.2 Definition of cerebral edema 

Cerebral edema is characterized by the 

pathological swelling of brain tissue 

due to a progressive increase in brain 

water content (Fishman et al, 1975). It 

is a frequent and feared clinical 

complication that develops in a broad 

range of cerebral insults such as 

ischemia (Badaut et al, 2002), trauma 

(Zador et al, 2007), tumors (Saadoun et 

al, 2002), hypoxia (Hackett et al, 2001), 

cardiac arrest (Hypothermia after 

Cardiac Arrest Study Group 2002), 

hyponatraemia (Adrogué et al, 2000) 

and metabolic disturbances (Rao et al, 

2007). Clinically, the swelling of brain 

tissue translates to elevated intracranial 

pressure, which opposes cerebral perfusion pressure and in turn impair cerebral 

perfusion and metabolism (Figure 1). Klatzo categorized the mechanisms of brain 

swelling as cytotoxic edema and vasogenic edema (Klatzo 1967). The fundamental 

difference between the two edema types is that vasogenic edema appears in 

association with the compromise of blood brain barrier whereas the origin of 

cytotoxic edema is the rapid metabolic disturbance and/or osmotic swelling of CNS 

 
Figure 1. Impact of cerebral edema on brain 
physiology. The expansion of   brain tissue 
translates into elevated intracranial pressure, 
reduced cerebral blood flow and impaired 
metabolism. There is also disruption in the 
vascular autoregulation resulting in 
hyperaemia. 



 9 
cells (Figure 2). Although these two mechanisms coexist in most brain 

pathologies, there is typically an appreciable dominance of one type over the other in 

each disease. For example, vasogenic edema seems to dominate in tumors and 

cerebral abscesses, whereas cytotoxic edema develops in early phase of ischemic 

stroke, brain trauma and in the experimental model of water intoxication.  

  

I.3 Clinical perspective of cytotoxic edema: From cellular mechanisms to the 

bedside 

 

I.3.1 Cerebral physiology is supported by multi-organ systems 

For the brain to maintain its functions it relies on proper supply of oxygen and 

nutrients together with clearance of metabolites via its circulation. At the same time it 

needs a stable osmotic and pressure environment secured by the blood and 

 

Figure 2. Klatzo’s principals on the cellular mechanisms of brain swelling: cytotoxic and 
vasogenic (extracellular) edema. One major difference between these two processes is the 
intergrity of the blood brain barrier (A). In cytotoxic brain swelling (B), water accumulates 
in the perivascular astrocitic processes, while the blood brain barrier remains intact. During 
vasogenic edema (C), fluid accumulates in the extracellular space as it extravasates through 
the compromised blood brain barrier. Astrocyte end feet do not swell in vasogenic edema. 
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cerebrospinal fluid composition together with a balance in production and 

circulation of the latter. Therefore from a whole body perspective, the following 

organ systems are involved in the maintenance of cerebral physiology: 1) respiratory 

system for adequate blood oxygenation and CO2 ventilation 2) the circulatory system 

providing sufficient mean arterial pressure for cerebral perfusion 3) intact production 

and circulation of cerebrospinal fluid 4) the urinary system for maintaining 

circulating volume and blood osmotic status. 

 

Cytotoxic edema is a multi-organ disease  

In accordance cytotoxic cerebral edema can result from the disruption in any of the 

above mechanisms as seen in 1) hypoxia (high altitude disease), CO2 intoxication 

(respiratory system) 2) Ischemic stroke, cardiac arrest (circulatory system) 3) 

Hyponatraemia in SIADH, Cerebral Salt wasting, Psychogenic polydipsia 

(renal/urinary system) 4) Drug intoxications (dinitrophenol, triethyltin, 

hexachlorophene, isoniazid) 5) Metabolic disturbances as seen in hepatic 

encephalopathy or Reye`s syndrome.  

 

Cerebral edema is partly managed as a multi-organ disease (Figure 3).  

Recommendations for management of 

cerebral edema include (Brain Trauma 

Foundation Guidelines 2007): monitoring 

and avoiding 1) hypoxia (saturation <90 

Hgmm or PaO2<60Hgmm) via proper 

ventilation and maintaining pulmonary 

functions 2) hypotension (SBP<90 Hgmm) 

via pressors and/or fluid resuscitation 3) 

avoiding prolonged elevation of 

intracranial pressure (keep ICP<20Hgmm) 

using a) hyperosmotic agents (mannitol, 

hypertonic saline) b) CSF drainage (extraventricular drain) c) hyperventilation (to 

decrease CBV) d) decompressive craniotomy (4) controlling hyponatraemia (serum 

Na<135mM).  (Greenberg 2006) 

 

Multi-organ mechanisms of edema converged on the cellular level 

The clinical aspects above may be translated to the level of the cellular mechanisms 

with the following. The swelling of CNS cells and subsequent expansion of the brain 

 
Figure 3. Current options in cerebral edema 
management. See text for details.  
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develops in response to 1) disruption cell energy status/metabolism a consequent 

disruption of sodium and potassium pump in ischemia, hypoxia, cardiac arrest (see 

mechanism details in the following section) 2) osmotic swelling of cells in 

hyponatraemia 3) toxins disrupting cell metabolism (excessive neurotransmitter 

release, drug intoxication, hepatic encephalopathy). To give a detailed picture on the 

cellular mechanism of cytotoxic edema, the following sections will be focused on the 

main molecular candidates involved in cytotoxic astrocyte swelling. 

 

I.4 Cellular mechanisms of cytotoxic edema in experimental water intoxication, 

traumatic brain injury and seizures 

 

I.4.1 The swelling of astrocytes dominates cerebral edema in water intoxication, 

brain trauma and seizures. 

Astrocytes contribute a significant portion of brain cells outnumbering neurons by a 

factor of 1.849-2.026 (depending on the cortical area) (Diamond et al, 1985; Terry et 

al, 1987). These cells carry a number of transporters that modulate ion, molecular 

(messengers, amino acids) as well as water movement across the cell membrane. 

Astrocytes also interact through gap junctions (GJ) to constitute a highly organized 

system: a neurophil-spanning cellular network that essentially acts as the nursing unit 

in maintaining CNS micro-homeostasis. Its specific functions include the buffering of 

ions, water, neurotransmitters and other metabolites that accumulate during 

physiological functions (neuronal firing) as well as in pathological states (seizures, 

ischemia, trauma) of the CNS (Bourke et al, 1980). In response to various noxas 

(potassium, glutamate, hypoxia, oxygen or nutrient deprivation) they have the 

capacity to swell several times their size (Solenov et al, 2004; Fabene et al, 2006). 

This volume increase contributes to the expansion of brain tissue, which translates to 

the macroscopic level as brain swelling. The direct relevance of astrocyte swelling in 

brain tissue expansion and its functional consequences were first shown by Manley et 

al when the impairment of cytotoxic swelling of astrocytes in vivo resulted in 

improved neurological outcome and survival after water intoxication and ischemia 

(Manley et al, 2000). These results imply, that astrocyte swelling is a key mechanism 

of cytotoxic edema and therefore is one of the targets for therapeutic control over 

brain swelling. 

 

The experimental model of water intoxication is well established and has been broadly 

used as a prototype of pure cytotoxic brain edema (Manley et al, 2000; Trachtman et 
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al, 1992). The intraperitoneal administration of water together with 

desmopressin (ddAVP) results in serum hyponatraemia, which in turn reduces serum 

osmolarity. This creates an osmotic drive for water to enter the cells and thus 

produces cerebral edema. 

 

Glial swelling following head trauma is seen to progressively increase in the first 24 

hours following injury (Barzo et al 1997) as demonstrated by 1) slowed diffusion on 

diffusion weighted MRI imaging,  2) ultrastructural studies at the same time point 

have demonstrated cytotoxic swelling of pericapillary astrocytes together with the 

collapse of capillary lumen (Vaz et al, 1997).  

 

During seizures astrocyte swelling is proposed to occur in response to the excess 

release of potassium and glutamate as well as other ions. Evidencing this notion are 

that 1) microdialysis studies in brain tissue during seizures revealed excess release of 

glutamate (Kovacs et al, 2003), potassium (Binder et al, 2004). 2) When 

reconstituting these circumstances in cultures, a marked swelling of astrocytes was 

seen. 3) Subsequent electron microscopy studies demonstrated a significant astrocyte 

swelling in vivo at 24 hours following seizure induction (Fabene et al, 2006). 4) 

Imaging studies showed decreased DWI signal in parallel with the astrocytic swelling 

further supporting the development of cytotoxic edema following acute seizures 

(Fabene et al, 2006). 

 

I.4.2 Disrupted osmotic balance causes astrocyte swelling. 

One of the generally proposed mechanisms for astrocyte swelling in pathological 

states -including models of head injury- are the activation of Cl-/HCO- and H+/Na+ 

exchange secondary to the excess hydration of intracellular CO2. The functional 

significance of these transporters was demonstrated by the ability of Cl-/HCO3- 

blockers (indanyl and fluorenyl compounds) to reduce astrocyte swelling in vitro and 

in vivo (Kimelberg et al, 1990). Another set of studies show a dynamic rise of 

intracellular Na+ and Ca++ paralleled by a drop in K+ in response to energy 

deprivation (hypoxia, hypoglycemia). The intracellular levels of ATP -used as a 

measure of energy depletion- showed positive correlation with the magnitude and 

velocity of alterations in ion levels (Silver et al, 1997).  

In response to astrocyte swelling regulatory processes of the cell are initiated to 

reconstitute its volume. These mechanisms include the function of volume activated 

anion channels, the release Glutamate, Taurine and D-Aspartate to reduce 



 13 
intracellular osmolarity (Kimelberg et al, 1995), as well as the inhibition of 

glutamate and aspartate uptake. The volume regulatory mechanisms for swelling 

induced by elevated K are proposed to be linked to the NKCC1 cotransporter in 

astrocytes (Su et al, 2002). 

 

These mechanisms of highly organized transmembrane ion transport create and 

osmotic drive for water to pass through the cell membrane as well as via the astrocyte 

network. Therefore the next key players to be discussed in astrocyte swelling are the 

channels granting intercellular and transmembrane water flux. 

  

I.5 Molecules facilitating water trafficking and volume changes in astrocytes: 

water channels and gap junction proteins. 

 

I.5 .1 Aquaporin 4: the glial water channel in the brain 

The selective water flow through AQPs is passive, driven by osmotic gradients 

(Verkman et al, 2005; 2006). To date, over 12 different members of the AQP family 

have been identified, and a number of them have been shown to contribute to rapid 

 
Figure 4: Channel structure and function of aquaporins (A and B) and gap junction protein 
connexin 43 (C and D). Aquaporins are constituted of 6 transmembrane helices (A) and permit 
selective water flux driven by the osmotic gradient (B). Gap junction protein connexin 43 
consists of two adjacent hexameric protein monomers allowing trafficking of molecules 
smaller the 1kDa (C). Channel permeability is regulated by the phosphorylation status of the 
connexin 43 subunits determined by the kinase (c-Src)-phosphatase (Calcineurin) equilibrium. 
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water flux in various tissues including the kidney, lung, gastrointestinal tract, and in 

the CNS (Agre et al, 2002; Verkman et al, 2005; 2006). The glial water channel 

aquaporin-4 (AQP4) was first cloned from rat lung and was subsequently found to be 

expressed in various fluid-tissue interfaces in the brain, such as astrocytic processes 

adjacent to cerebral capillaries, pial membranes lining the subarachnoid space and 

ependymal cells of the brain ventricles (Figure 5). The strategic localization at these 

tissue-water interfaces, and the high water permeability, makes AQP4 an important 

route for transporting water into- and out of the brain parenchyma. A large body of 

evidence from transgenic mice deficient in AQP4 demonstrated the role of this water 

channel in cytotoxic and vasogenic edema (Verkman et al, 2006). During cytotoxic 

edema, when water moves into the cellular compartment, AQP4 was found to 

facilitate cellular swelling (Manley et al, 2000). In vasogenic edema, when edematous 

fluid accumulates in the extracellular space, the clearance of edema fluid is facilitated 

by AQP4 (Papadopoulos et al, 2004). These key functions of AQP4 in cerebral water 

balance suggest this channel as potential therapeutic target in the treatment of cerebral 

edema. 

 

I.5.2 Variants and altered expression of the AQP4 gene  

A number of studies have shown changes in AQP4 expression in focal brain injury 

Figure 5:  Localization of the glial water channels and the gap junction proteins at 
strategic water trafficking sites in the brain. AQP4 is polarized at water brain interfaces 
such as the perivascular processes of astrocytes, the glial limitans facing the pial 
membrane, perisynaptic sites, ependymocytes and astrocytes bordering the ventricles. The 
gap junction protein connexin 43 is exclusive to astrocytes and provides low rsistance 
intercellular coupling. 
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(Neal et al, 2007), brain abscess (Bloch et al, 2005), meningitis (Papadopoulos et al, 

2005), tumors (Saadoun et al, 2002) in epilepsy (Lee et al, 2004) and also in 

astrocytes cultures subjected to hypoxia (Fu et al, 2007). Levels are also altered in 

Duchene’s muscular dystrophy (Wakayama et al, 2002), HIV dementia (St. Hillaire et 

al, 2005), lupus (Alexander et al, 2003), neuromyelitis optica, multiple sclerosis 

(Sinclair et al, 2007), Crohn's disease and infectious colitis (Hardin et al, 2004). 

Changes in AQP4 expression translate into altered water permeability of the cellular 

membrane, which impact their ability to swell.  

A number of variations in the 4th exon of AQP4 were examined for a potential role in 

traumatic brain edema with negative results (Romeiro et al, 2007). Further studies 

however, found that patients with one of the AQP4 variant (rs9951307) developed 

worse cytotoxic edema in malignant MCA strokes (Kleffner et al, 2008). This implies 

that specific AQP4 polymorphisms may alter water permeability in a way to 

facilitate cytotoxic brain swelling.  

 

I.5 .3 Gap junction protein, connexin 43 in the brain 

Gap junctions (GJ) are multi subunit channels that provide low resistance 

communication between adjacent cells in various tissues including the brain (Nagy 

and Rash 2000), heart (Duff et al, 2006), skin (Qui et al, 2003) and testis (Sridharan et 

al, 2007). The GJs provide neuronal and glial coupling for ion and water, and are also 

considered as candidates in the pathogenesis of epilepsy (Nemani et al, 2005) as well 

as the regulation of brain water homeostasis. GJs are composed of connexin protein 

subunits, which form two hexameric connexon channels on the adjacent cell surfaces 

(Musil et al, 1991; Martin et al, 2004) (Figure 4C and 5). Connexins are encoded by a 

large multigene family, with more than 20 members in mammals (Willecke et al, 

2002). Certain members of the connexin family are cell-specific in their expression: 

connexin 36 is detected in neurons (Rash et al, 1998), whilst connexin 43 is present in 

astrocytes and ependymal cells of the CNS (Condorelli et al, 2003). The connexon is 

assembled in the endoplasmic reticulum and the Golgi-apparatus, and inserted into the 

cell membrane to form an „unopposed” connexon hemichannel (De Sousa et al, 1993, 

Martin et al, 2004), which subsequently forms an intercellular GJ with the similar 

hemichannel of an adjacent cell (Martin et al, 2004). The conduction properties of the 

gap junction formed by connexin 43 are influenced by the phosphorylation rate of the 

connexin protein subunits: dephosphorylation causes the opening of the channel (Sáez 

et al, 2003) (Figure 3D), decreases the formation of GJs (Sáez et al, 2003, Toyofuku 
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et al, 2001), and results in the closure of GJs. GJs allow the passive flow of 

molecules below 1kDa (Simpson et al, 1977), therefore the regulation of connexons 

plays an important role in water-ion homeostasis and volume transmission of the 

brain, in both physiological and pathological conditions (Simard and Nedergaard, 

2004). 

I.5.4 Astrocytic gap junction function is altered in CNS pathologies 

Astrocyte cultures and brain slices exposed to seizure equivalent environments such 

as high [K+]o and increased glutamate concentration, displayed delayed 

dephosphorylation of connexin 43, which translates into decreased coupling of 

astrocytes (Nagy et al, 2000). The reduction of intercellular coupling impairs efficient 

trafficking of ions and metabolites and as such it is likely to have an impact on glial 

cell volume in seizure. In another set of studies conditional knockout mice lacking 

connexin 43 displayed a slow decay of [Ko+] subsequent to stimulus train (Wallraff 

et al, 2006), indicating that astrocytic GJ facilitate intercellular K+ diffusion. A likely 

mechanism is that open GJ contribute to low-resistance intercellular coupling between 

neighboring cells (Flagg-Newton et al, 1979), allowing the passive movement of all 

particles under 1 kDa (Simpson et al, 1977.). Therefore, GJs facilitate the 

redistribution and buffering of several ions and molecules such as K+ (Wallraff et al, 

2006; Walz et al, 1993) or glutamate (Goldberg et al, 2004), accumulated during 

generalized tonic-clonic seizures (GTCS). This phenomenon has been referred to as 

‘spatial buffering’ (Simard and Nedergaard, 2004). 

 

I.6 Cytotoxic cell swelling causes contraction of brain ECS and microcapillary 

compression. (figure 6) 

 
Figure 6. Ultrastructural consequences of cytotoxic edema: contraction of the extracellular 
space and the compression of microcapillaries. Left: During cytotoxic swelling, cells expand 
at the expense of the extracellular space resulting in the contraction of the ECS. Right: the 
rapid swelling of perivascular astrocitic foot processes results in the compression of capillary 
endothelia, compromising the vessel lumen. 
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In cytotoxic edema, astrocytes expand at the expense of brain ECS. This phenomenon 

was first described by van Harreveld in circulatory arrest (Harreveld and Malhotra, 

1967) and cortical spreading depression (Van Harreveld and Khattab, 1967) by 

demonstrating 1) a significant increase in brain tissue resistance in relation to 2) 

narrowed intercellular distances on brain electronmicrographs. Subsequent 

measurements using real time iontophoresis have reinforced this observation in brain 

ischemia and cortical spreading depression. In physiological states brain ECS was 

measured to occupy ~20% of total brain volume but decreased to 7% and 5-9%  in 

ischemia  (Zoremba et al, 2008) and cortical spreading depression (Mazel et al, 2002) 

respectively. Subsequent studies using cortical surface photobleaching has 

demonstrated the significant (>10 fold) slowing of macromolecular diffusion 

following seizures or cytotoxic edema. (Binder et al, 2004).  

A series of studies showed that perivascular astrocyte swelling was accompanied by 

the narrowing of capillary lumen (Figure 6). Transmission electronmicroscopy 

showed decreased luminary diameter in brain capillaries accompanied by astrocyte 

swelling. In accordance 3D corrosion casts of brain tissue from head injured patient 

supported this notion as the characteristic angioarchitectonic changes of longitudinal 

folds, sunken surfaces with craters, and a significant flattening with reduction of 

lumen was seen (Wasterlain et al, 1968, Rodríguez-Baeza et al, 2003). As a follow up 

on the consequences of these morphological changes, Meinig at al have observed a 

CBF reduction independent of the opposing effect of ICP on CPP following a graded 

series of water intoxication experiments. This suggested that the microcapillary 

collapse seen on the ultrastructural level translates to the impairment in cerebral blood 

flow. (Meinig et al, 1973). 

 

I.7 Aims 

In the current thesis we aim to dissect the mechanism behind the ECS contraction and 

microcapillary compression in cerebral edema in relation to AQP4 and connexin 43 

function (Figure 6). We hypothesized; that the glial water channel AQP4 facilitates 

these two processes since it also promotes astrocyte swelling. To further elucidate the 

mechanisms of cell swelling responsible for the development of cytotoxic edema, we 

tested the functional relevance of AQP4 variants using a cell culture model. Finally 

we also examined the regulatory changes in gap junction proteins in relation to 

cytotoxic swelling in a seizure model. 
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II. Materials and Methods 

 

Animals 

We used male, weight-matched (25–30 g) wild-type and AQP4 null mice (Ma et al, 

1997) in a CD1 genetic background. Protocols were approved by the University of 

California, San Francisco Committee on Animal Research. 

In other sets of experiments male Wistar rats weighing 200-250 g were bred in the 

Central Animal House of  the University of Szeged under standard conditions with ad 

libitum access to food and water. All experiments were conducted in accordance with 

the European Community Council Directive of November 24, 1986 (86/609/EEC) and 

the Hungarian Animal Act (1998). 

 

Construction of dual-lumen microfiberoptic 

Single, multimode optical fibers, consisting of a 62.5-µm diameter core, were 

purchased from ThorLaboratories (Newton, NJ, USA). After the distal  4 cm of their 

cladding was stripped, each fiber was chemically etched by immersion of the fiber tip 

for 10 min at the interface of 48% aqueous hydrofluoric acid and xylene (Sigma-

Aldrich Corp., St. Louis, MO, USA). The fiber tip was then rinsed with distilled water 

and dried, and the process was repeated several times to create a tapered fiber shaft 

with a 2- to 5-µm diameter tip, as visualized using a Leica DM 4000B microscope. A 

very thin coating (~10 nm) of aluminum was deposited by rotary sputtering 

(Evaporated Coatings Inc., Willow Grove, PA, USA) over a length of ~7 mm from 

the tip, excluding the tip itself. 

To achieve efficient and standardized dye delivery in deep brain structures, a double-

lumen micropipette was fabricated using borosilicate glass microcapillaries. For dye 

introduction, a single-barrel microcapillary without filament (inner diameter/outer 

diameter 0.75 mm/1 mm; FHC Inc., Bowdoin, ME, USA) was pulled on a vertical 

pipette puller (David Kopf Instruments Inc., Tujunga, CA, USA) to a 5-µm diameter 

tip and a bend of 60° was created 5 mm from the tip (Figure 7A). A second pulled 

microcapillary was created as a guide for the optical fiber. The guide consisted of a 3-

mm-long glass microcapillary with tip diameter 100 µm to allow the microfiber 

to pass freely through the lumen. The dye-introducing and fiber-guide 

microcapillaries were immobilized with glue on a small glass platform, with the tip of 

the guide microcapillary positioned 2–2.5 mm proximal to the tip 
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Instrumentation for microfiberoptic photobleaching 

Bleaching was done using an epifluorescence apparatus as described previously 

(Seksek 1997), with modifications. The first-order beam of an argon ion laser (1 W at 

488 nm) was diffracted by an acousto-optic modulator and focused using an 20x 

objective lens (numerical aperture, 0.25; Zeiss air) onto the back of the optical fiber 

that contained an FC-type connector (Figure 7B). Bleaching was accomplished by 

increasing laser illumination intensity 3000- to 6000-fold for 0.1–20 ms to reduce 

fluorescence by 30–40%. The low intensity of the probe beam used for acquisition 

produced ~1% fluorophore bleaching for continuous recordings up to 5 s. Sample 

fluorescence collected by the optical fiber and objective lens was filtered (490 nm 

dichroic mirror, 510 nm long-pass filter), detected by a photomultiplier, amplified, 

and digitized at 14-bit resolution. Fluorescence was sampled continuously over 200 

ms before the bleach pulse, at rates of up to 100 Hz for 5 s after bleaching, and at up 

to 4 Hz (shutter opened for 20 ms per acquisition) for longer times. 

 

Microfiberoptic photobleaching measurements in mouse brain 

Mice were anesthetized by i.p. injection of Avertin (2,2,2-tribromoethanol, 125 

mg/kg) and immobilized in a mouse stereotactic frame (MyNeuroLab, St. Louis, MO, 

USA). Additional Avertin was administered as needed to maintain anesthesia. Core 

temperature was maintained at 37–38°C using a feedback-controlled rectal probe and 

heating pad. In some experiments water intoxication was produced by i.p. injection of 

water (10% body weight) together with 1-deamino-8-darginine vasopressin (0.4 

µg/kg). The skull surface was exposed by a midline scalp incision, and the skin was 

retracted. In some experiments the temporal muscle was secured with suture to 

minimize motion artifact from muscle contraction. The intact cortical dura and 

underlying brain surface were exposed with great care by a craniectomy using a 

Foredom micromotor drill (MyNeuroLab) with a 1-mm diameter burr and 

microsurgical instrumentation. The site of the craniectomy was marked using 

stereotactic coordinates of the brain region to be studied, according to the Paxinos 

mouse brain map (Franklin 1997). The mouse brain in stereotactic coordinates 

consists of frontal cortex (bregma +1 mm) were centered 1.2–1.4 mm lateral to 

midline. In most experiments two overlapping 1-mm diameter burr holes were created 

to give an approximately rectangular 1.5-  1-mm space for insertion of the double-

barrel microcapillary. In experiments involving topical dye application, a larger, 5-

mm diameter craniectomy was made to expose a larger area of dura for dye 
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penetration. For photobleaching measurements, the tip of the dye 

introducing microcapillary of the dual-microcapillary device was inserted gradually 

into the brain to specified stereotactic coordinates under positive injection pressure to 

produce a fluid infusion rate of 0.15 µl/min. The site of insertion was specified with 

high precision using the micropositioning system of the stereotactic frame, taking into 

account the dimensions of the dual-lumen microcapillary. Artificial cerebrospinal 

fluid (aCSF) (145 mM NaCl, 4 mM KCl, 1 mM MgCl2, 2.5 mM CaCl2, 1 mM 

KH2PO4, and 10 mM glucose; pH 7.4) containing FITC-dextran (70 kDa; 50 mg/ml) 

was infused intraparenchymally at a rate of 0.15 µl/min for 15 min using a Hamilton 

syringe and infusion pump. Measurements were done 20 min or more after dye 

infusion to allow for fluorescent dye penetration into the brain tissue surrounding the 

injection site. The optical fiber was mounted on an independent, micron-resolution 

micromanipulator (World Precision Instruments Inc., Sarasota, FL, USA) for insertion 

to specified depths (accuracy 5 µm) through the guide microcapillary. After removal 

of the bone flap, the dura was irrigated continuously with aCSF warmed to 37°C, and 

body temperature was maintained at 37–38°C. In some control experiments, FITC-

dextran was applied topically as described previously (Binder et al, 2004). 

 

Diffusion measurements in solutions and gels 

Microfiberoptic photobleaching measurements were made in solutions consisting of 

aCSF containing 70 kDa FITC-dextran. Measurements were also performed in aCSF-

glycerol solutions (0–50% w/v glycerol) and in gelatin gels (2–60 mg/ml gelatin). The 

microfiber tip was inserted 400 µm into a 200 µl volume of solutions/gels in 

microcuvettes. 

 

Analysis of microfiberoptic photobleaching data 

Recovery curves generally contained a “fast” acquisition (500 data points over 5000 

ms) followed by a “slow” acquisition (20–160 data points over 10–80 s, illumination 

shuttered between collections). At each location, three to nine photobleaching 

recovery measurements were made, with the fiber tip displaced 5–10 µm in depth to 

avoid repeat measurements at the exact same location. Each set of three to nine curves 

from one location was averaged for curve fitting. For most experiments fluorescence 

recovery data, F(t), were fitted to the equation (Axelrod et al, 1976): F(t) = (F0 + [R(F 

- F0)+ F0](t/t1/2))[1 + (1/t1/2)]-1, where F is the prebleach fluorescence, F0 is the 

fluorescence immediately after bleaching, R is the mobile fraction (percentage 

recovery), and t1/2 is the half-time for recovery. This equation was found empirically 
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to provide a very close fit to the data for determination of t1/2 as the single 

parameter describing the kinetics of fluorescence recovery. The relative diffusion 

coefficient in aCSF vs. brain (Do/D) was computed from t1/2 measured in brain vs. 

aCSF: Do/D = t1/2 brain/t1/2 aCSF. Determination of Do/D is thus comparative and 

model/geometry-independent. 

 

Controlled cortical impact injury model 

 Male mice were anesthetized with 2,2,2,-tribromoethanol (150 mg/kg, 

intraperitoneal, Sigma-Aldrich, St.Louis, MO).  The head was immobilized and the 

skull was exposed by a midline incision (Figure 11A). A craniotomy of 5 mm 

diameter was done on the parietal bone to expose the intended site of impact.  The 

bone flap was removed without damage to the dura (Figure 11B).  The 3 mm diameter 

tip of impactor was positioned adjacent to the dural surface under the guidance of a 

surgical microscope.  The velocity of impact was set at 4.5 m/s, with an impact depth 

of 1.7 mm and dwell time of 150 ms. Immediately after injury, the bone flap was 

repositioned and fixed with tissue glue (Abbott Laboratories, North Chicago, IL) 

followed by closure of the skin with sutures. 

 

Electron microscopy. 

 The animals were deeply anesthetized with diethyl-ether and perfused transcardially 

with 250 ml of 0.1 M PBS pH 7.4 followed by 300 ml of fixative (1% 

paraformaldehyde and 1% glutaraldehyde in phosphatebuffered solution, pH 7.4). 

Samples of the right parietal cortex were prepared for electron microscopy. Following 

thorough rinsing, the tissue blocks were incubated in an aqueous solution of 1% OsO4 

and 5% K2Cr4O7 (1:1). The samples were dehydrated then incubated in 1% uranyl-

acetate and embedded in Durcupan epoxy resin (Fluka, Buchs, Switzerland). Semithin 

sections were cut on an ultramicrotome (Ultracut E, Reichert-Jung, Vienna, Austria) 

and stained on object glasses with a 1:1 mixture of 1% methylene blue and 1% azure 

II blue. The samples were then coverslipped with DPX mountant and analysed under 

a light microscope (Nikon E600, Nikon Co., Tokyo, Japan). Ultra-thin sections were 

cut of the same blocks and collected on 200-mesh copper grids. The preparations 

were then contrasted with 5% uranyl acetate and Reynolds lead citrate solution. 

Specimens were viewed under a Philips TM10 transmission electron microscope 

(Eindhoven, The Netherlands). Imaging was acquired with a computer-assisted digital 

camera (MegaView II, Soft Imaging Systems, Munster, Germany). 

Approximately 900 µm2 of sample surface was viewed systematically through all 
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neocortical layers of the parietal cortex, and 12±2 capillary cross sections were 

examined in each specimen. The total area of the so-called neurovascular unit, which 

consists of the capillary lumen, the surrounding endothelium and the astrocytic end-

feet covering the basal lamina of the microvascular endothelium, was measured 

(Image Pro Plus 4.5 morphometric software; Media Cybernetics, Silver Spring, MD, 

USA). 

 

In vitro culture system for expressing AQP4 variants 

We created stably transfected cells (CHO Flp-In system) expressing reference and 

variant AQP4 –extracted form a cohort of volunteers (Sorani et al, 2008) for use in a 

water permeability assay (Figure 13).  (detailed procedure see Sorani et al, 2008).  

 
Protein expression: Western blot, Cell surface biotinylation 
For quantitating AQP4 expression in the entire cell, protein extraction from cell 

lysates was done as described previously (Yang et al, 1997) and Western blot was 

preformed as detailed in Binder et al, 2004. Cells were lysed using Cell surface 

biotinylation was used to quantify the functional pool of AQP4 protein trafficked 

into the cell membrane. Cell cultures were grown to confluency in T75 flasks and 

incubated in ice cold saline solution containing 0.5mg/ml Sulfo-NHS-Biotin (Pierce) at 

4˚C for 30min. Cultures were washed 2 times in saline and excess biotin was quenched 

with 3% BSA followed by another set of rinsing. Cells were then removed from the 

flasks, lysed in buffer containing 0.1% SDS in PBS, 20µg/ml PMSF. The cell lysate 

was spun at 10,000g and the supernatant was collected. Following protein 

concentration measurement (BCATM Protein Assay Reagent, Pierce), a 5µg protein 

aliquot was kept for loading control, and 50µg of protein was incubated with a 100µl 

slurry of streptavidin beads (Pierce) overnight at 4C˚ to isolate the membrane 

proteins. Centrifuging at 10000g for 1min pulled down biotin-streptavidin complexes, 

and following extensive washes the bound protein was eluted in Lamely buffer at 37 

˚C. 

 

Water permeability measurements 

We assessed osmotic water permeability (Pf), in cells with the well-established 

method of stopped-flow light scattering (Verman 2000) using a Hi-Tech Sf-51 

instrument (Figure 14). Cells suspensions were exposed to hypo or hyper-tonic 

solution, and cell swelling or shrinking was measured by a change in diffraction of 
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light. The water permeability kinetics of increasing cell volume was assessed from 

the time course of 90° scattered light intensity at 530 nm wavelength. Osmotic water 

permeability coefficients were calculated from the t1/2 of the exponential curve fitted 

to the time course light scattering as previously described (Verman 2000, Yang et al, 

1997). Relative Pf was deduced from the t1/2 values normalized to AQP4 membrane 

protein expression. Three different passages of cells were used for relative water 

permeability measurements and at least five curves of each cell line were analyzed. 

Results are reported as mean + S.E.M., and significance was assessed by Student's t-

test at a level of p=0.05. 

 
Seizure induction in rats 
 
Rats were injected intraperitoneally (i.p.) with 4-AP (Sigma, 5 mg/kg 4-AP dissolved 

in physiological saline, 1.0 mg/ml concentration). The control animals received the 

same volume of physiological saline i.p. Dizocilpine maleate (MK-801, Sigma) 

dissolved in physiological saline was administered i.p. 10 min before 4-AP 

administration at a dose of 1 mg/kg (Mihaly et al, 1990; Szakacs et al, 2003). Animal 

seizure behavior was evaluated as previously described by measuring the latency of 

symptoms (Mihaly et al, 1990). Animals were observed at 1, 3 and 24 h from the time 

of 4-AP injection, with 3 repeats in each group. The pharmacological effect of MK-

801 was evaluated separately (10-10 animals in each group). 

 

Protein measurements, dedicated preparation for connexin 43 

Neocortex samples were obtained as described above and frozen in liquid nitrogen. 

Regarding the solubility of the different phosphorylated forms of connexin 43 (Musil 

et al, 1991), no detergents were used during protein purification. The second portion 

of the samples was homogenized in ice cold buffer (pH 7.2) containing 20 mM 

HEPES, 0.5 mM EDTA and the following protease inhibitors: 1 mM 

phenylmethylsulfonyl fluoride (PMSF), 1 µM pepstatin A and 2 µM leupeptin (Christ 

2003). To preserve the phosphorylated forms, 10 mM of the phosphatase inhibitor 

Na3VO4 was added to the lysis buffer in specified samples. Homogenates were 

centrifuged at 20,000 g for 30 min at 4˚C, then the pellet was resuspended in 

homogenization buffer. Alkaline phosphatase treatment was carried out with some 

modifications (Wang et al, 1995.). With Na3VO4 excluded, 70 µg of pre-cleaned 

lysate was equilibrated against 100 mM Tris (pH 8.0), 100 mM NaCl, 5 mM MgCl2, 2 

mM PMSF and 0.6% SDS. Half the sample was treated with 2 U/sample alkaline 
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phosphatase at 37˚C for 4 h, and the other half was incubated untreated. The 

reaction was terminated by the addition of 200 mM Na3VO4. Samples were re-

dissolved in 10% acrylamide gel with a prolonged run-time (~2.5 h at 200 V) to 

separate the different forms of connexin 43 (all chemicals used for protein blotting 

were purchased from Sigma). Protein was transferred by the semi-dry method (Bio-

Rad) onto polyvinylidene difluoride membranes (Amersham) at 11 V for 50 min. 

Blots were blocked for 1 h at room temperature with 5% skimmed dry milk and 

probed with a 1:1,000 dilution of rabbit polyclonal connexin 43 antibody raised 

against the 252-271 fragment of the protein distant from the known sites of 

phosphorylation (Malfait et al, 2001) for 1 h at room temperature. The connexin 43 

antibody was a generous gift from Professors Bernard Himpens and Johan Vereecke, 

Laboratory of Physiology, KU Leuven, Belgium. Following extensive washes in 

phosphate-buffered saline PBS (pH 7.4) containing 0.1% Tween, the blot was 

incubated with alkaline phosphatase tagged anti-rabbit secondary antibody 

(Amersham) at a dilution of 1:10,000 for 1 h at room temperature. ECF™ substrate 

(Amersham) was added and the blots were quantitated with ImageQuant (Typhoon™ 

9400 Variable Mode Imager, Molecular Dynamics) as described above. 

To detect AQP4 from cell lysates or cell surface biotinylation extracts Cells were 

homogenized in buffer containing 250mM sucrose in PBS and 20ug/ul PMSF. 

Homogenate was centrifuged at 15,000 g and after careful assessment of the protein-

signal correlation, 6µg of supernatant was loaded onto 10-12% polyacrylamide gels 

(Invitrogen). Protein was transferred overnight at 15V at 4 °C onto PVDF membranes 

(Amersham). After 1h blocking with 3% skimmed milk (Bio-Rad), blots were probed 

with primary antibody against AQP4 (Chemicon) for 1h at a dilution of 1:1000 in 1% 

BSA. Following extensive washes in Tris-Buffered Saline Tween (TBST), blots were 

incubated with horseradish peroxidase conjugated secondary antibody (1:5000) and 

detected with Electrochemiluminescence (ECL) kit (Amersham). To confirm the 

specificity of membrane protein detection, blots were stripped according to the 

manufacturer's instructions and re-probed for the intracellular housekeeping protein 

glyceraldehyde-phosphate dehydrogenase (GAPDH) with a 1:2000 dilution of 

monoclonal antibody from Chemicon. This was followed by extensive washes and 

detection using antimouse peroxidase conjugated antibody. Densitometry of the 

protein bands were assessed with ImageJ, and AQP4 expression was normalized to 

GAPDH expression. 
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Statistical analysis.  

Data are presented as the means ± STDEV. Statistical analysis of the data from the 

indicated groups were performed using the Student's t-test and the Newman-Keuls 

test or one-way analysis of variance (ANOVA) followed by the Bonferroni post hoc 

test.  
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Results 

R.1 The effect of AQP4 deletion on ECS diffusion in cytotoxic edema. 

Current methods for measuring ECS diffusion are either limited to the superficial 

layers of brain tissue (~200 µm), or suitable only to investigate the diffusion of small, 

biologically non-relevant molecules (TMA). To bypass these obstacles we have 

developed a novel system for diffusion detection in deep brain structures using a 

microfiber optic probe (Figure 7) and fluorescent recovery after photobleaching 

(FRAP) (Figure 8).  

The new microfiberoptic measurement system with double lumen microcapillary dye 

introduction was validated by diffusion measurements in artificial solutions and gels. 

Figure 9A left shows fluorescence recovery curves after microfiberoptic 

photobleaching of aqueous FITC-dextran (70 kDa) made viscous with different 

concentrations of glycerol. As expected, the fluorescence recovery was slowed with 

increasing solution viscosity. Recovery curves fitted closely to the semiempirical 

equation given in the Materials and Methods section with fitted parameter t1/2, the 

apparent half-time for fluorescence recovery, which is inversely proportional to the 

diffusion coefficient. FITC-dextran diffusion was slowed 4.5-fold at 50% (vol) 

glycerol, in agreement with its relative solution viscosity of  4.6. Figure 9B right 

Figure 7:  Microfiberoptic photobleaching apparatus for in vivo measurement of dye 
diffusion in the ECS in deep brain structures. A) Double-lumen microfiberoptic device, with 
dye-introducing and optical fiber-introducing microcapillaries. Photograph shown in the top 
panel, with inset (at the left) showing aluminized microfiberoptic tip. Schematic shown in 
the bottom panel. B) Schematic diagram of photobleaching apparatus showing laser 
illumination of the back end of a multimode microfiberoptic. AOM   acousto-optic 
modulator; PMT   photomultiplier. Photograph showing mouse head immobilized in a 
stereotactic frame with double-lumen device inserted through burr holes. See text for details. 
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shows fluorescence recovery with the microfiberoptic inserted into gelatin gels of 

increasing concentration to simulate brain tissue. FITC-dextran was introduced into 

the gels using the double-lumen device. The microfiberoptic was inserted at a depth 

of 400  µm in the gels, equivalent to central brain cortex. Recovery curves again fitted 

well to a single-component diffusion model with 100% fluorescence recovery, with 

reduced recovery rates (t1/2) (Figure 9 A right, inset) with increasing gelatin 

concentration. FITC-dextran diffusion in saline vs. gels (Do/D) was  4 at a gelatin 

concentration of 20 mg/ml, similar to the slowing found in brain cortex (see under). In 

control studies, fluorescence recovery did not depend on the depth of insertion of the 

optical fiber (200–800 µm). Initial experiments were done in cerebral cortex using the 

double-lumen device (Figure 9B left). At an insertion depth of 400 µm, fluorescence 

recovery data fitted well to a single component diffusion model with Do/D  4.2 and 

98% fluorescence recovery (Figure 9B  left). The 4-fold slowing of FITC-dextran 

diffusion in brain cortex is comparable to our previous data of 3-fold slowing 

obtained by cortical surface photobleaching (Binder et al, 2004). The lower fold 

slowing as measured by surface photobleaching may be related to the relatively 

higher abundance of white matter tracts in the superficial layers of the cortex. In a 

control study to exclude the effects of fluid infusion from the double-lumen device, 

diffusion was compared after loading brain ECS with FITC-dextran using the infusion 

method vs. topical dye application and diffusion across the intact dura. Do/D 

measured at a depth of 400  µm did not differ significantly with the two loading 

methods (Figure 9B right). Figure 10 A shows the area of fluorescent dye staining 

after loading by infusion and a 15-min incubation. As seen by fluorescence imaging 

of freshly cut brain, the dye was distributed more than 1500 µm away from the 

infusion site. After dye equilibration, differences in dye distribution could be seen in 

 
Figure 8: Principles of FRAP. A: The volume of tissue loaded with the phlorophore is 
bleached using a high intensity LASER beam. A subsequent recovery in fluorescent signal 
is seen due to the diffusion of fluorophore from the surrounding tissue into the illuminated 
volume. B: The dynamics of signal recovery is depicted by the signal intensity plotted as a 
function of time.  The time constant of fitted curve is proportionate to the diffusion constant 
of the dye in the tissue. 
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the various brain regions. However, differences in dye concentration do not 

affect diffusion measurements because fluorescence recovery after photobleaching is 

strictly independent of dye concentration. Prior data have shown significant 

differences in wild-type vs. AQP4 null mice in their response to effectors of brain 

swelling (Manley 2000). Figure 10B shows slowed FITC-dextran diffusion in brain 

cortex as well as in deep brain structures after hyponatraemia produced by acute water 

intoxication (10% body weight, i.p.), a well-established model of cytotoxic brain 

edema. Water intoxication caused progressive slowing of FITC-dextran diffusion in 

the brain cortex of wild-type mice, with less slowing seen in AQP4 null mice. 

Remarkably, there was 12-fold slowing of FITC-dextran diffusion 10 min after water 

intoxication at a depth of 400 µm in cortex of wild-type mice, whereas in AQP4 null 

mice diffusion did not show significant changes (Figure 10B right). 

 

 

Figure 9. In vitro validation of diffusion measurement by microfiberoptic photobleaching. A) 
Photobleaching recovery curves for aqueous glycerol solutions containing 70-kDa FITC-
dextran. Original fluorescence recovery data (black) shown as an average of six sets, together 
with fitted curves (red). Data were fitted by a single-component diffusion model as described 
in the Materials and Methods section. B) Recovery curves from gels consisting of different 
concentration of gelatin (2–60 mg/ml). Inset shows diffusion rates (reciprocal t1/2 values) as a 
function of gelatin concentration. C) Photobleaching recovery curves of FITC-dextran in 
aCSF (t1/2=1.25±0.05 s) and at 400 µm depth (t1/2=4.1±0.3) in brain cortex. D) Recovery 
curves at 400 µm depth in brain cortex after surface (topical) application of FITC-dextran 
(t1/2=4.2±0.5 s) vs. infusion (t1/2=3.8±0.1 s). Inset shows relative dye diffusion in aCSF vs. 
brain tissue (Do/D) (sd, n=4, difference not significant). 
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R.2 The function of AQP4 in the development of cytotoxic brain edema following 

focal cerebral contusion. 

 
Figure 10. The effect of water intoxication of diffusion in brain ECS. A) Reflected light (left) 
and fluorescence (right) photographs of brain slice immediately after dye loading by infusion. 
Top and bottom panels show cross sections at bregma  2.46 and 0 mm, respectively. Overlay 
shows injection site at 1.4 mm lateral to midline. B) Left: recovery curves acquired in cortex 
(depth 400  m), at 10 min after i.p. injection of 10% body weight saline (control, black) or water 
(water intox, red) in AQP4 +/+  (top panel) and AQP4 -/-  (bottom panel) mice. Right: averaged 
Do/D and percentage recovery (avrg±sd, n =4, *P< 0.01, compared with control )  

 
Figure 11: Controlled cortical impact: experimental setup and characterization of the model. 
A: The mouse cranium is mounted on to a a stereotactic frame and a magnetic pistol -mounted 
onto a metal frame- is targeted at desired site of injury. The impact velocity, depth and dwell 
time are set by control panel of the impactor device. B: Schematic of the craniotomy, injury 
core and penumbra. C: Coronal section of a cresyl violet stained brain, 3 days post injury. 
Unstained area corresponds to injured tissue, that is subdivided into injury core and penumbra.  
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Work at our laboratory has shown reduced injury volume, reduced brain 

water content and improved functional outcome in mice lacking AQP4 using a well-

established model of focal cerebral injury (controlled cortical impact). (Figure 11) 

Our next aim was to explore the role of AQP4 in the collapse of cerebral 

microcapillaries long described following brain trauma. We examined brain 

ultrastructure wild type and AQP4 deficient mice at the previously observed time 

point of maximal brain water content: 6 hours following impact. As expected, the 

injury core showed diffuse cellular destruction with extensive necrosis in both groups 

(data not shown). In the penumbra, there was a considerable swelling of astrocytic 

perivascular foot processes in the wild type mice (Figure 12).   

In contrast, significantly less astrocytic swelling was seen in Aqp4 -/- mice as 

measured by foot process area (Figure 12, foot process area: 40±5 µm2 in wild-type 

versus 29±2 µm2 in Aqp4 -/- mice).  Swelling of the foot processes compressed the 

capillary and reduced the lumen diameter.  Accordingly, the capillary lumen areas 

were significantly reduced in wild type mice, compared to a lesser degree of lumen 

constriction in the AQP4-/- mice (13 ± 2 µm2 vs. 22 ± 3 µm2). 

 
 
R.3 The effect of frequent mutations in the AQP4 gene on water channel 
permeability. 
We created transfected cells expressing reference and variant AQP4 for use in a water 

permeability assay (Figure 13). As aquaporins are membrane proteins, their degree of 

expression and localization to the membrane would likely affect water permeability. 

We examined whether the five nsSNPs affected protein expression and localization. 

 
Figure 12: Ultrastructural changes in the injury penumbra. Samples taken at the time point of 
maximal water content -6 hours following injury. A: Control hemispere, the neurovascular unit 
structure (endothelial cell, astrocyte foot process) is undistinguishable in AQP4+/+ and AQP4-/- 
mice. B:  Reduced perivascular astrocyte swelling and maintained capillary lumen in AQP4-/- 
vice relative to AQP4+/+ mice. C: Bargraph depicting data for capillary lumen and astrocyte end 
feet area shown in B. (S.E., n=11, * p < 0.05) 
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By Western blot with an AQP antibody, we confirmed AQP4 expression by 

detecting a ~36kDa band corresponding to the protein, and faint accessory bands 

representing glycosylated AQP4, as has been observed by others (Figure 13 A, lanes 

3-7).  We found that most of the protein for reference (wild type AQP4) and mutant 

proteins were localized to the plasma membrane as shown by immunhistochemistry 

(Figure 13 B and C).  

Figure 13: Expression of AQP4 mutants in CHO cell lines. A: Western blot demonstrating ~32 
kDA protein bands corresponding to AQP4, GAPDH served as loading control. 
Immunohistochemistry demonstrating the expression of AQP4 in cell membranes. (B and C). 

 

 

Figure 14. Water 
permeability of AQP4 
variants. A) Original light 
scattering curves CHO cell 
suspensions, expressing 
different AQP4 mutants. B) 
Schematic of the light 
scattering experiments. C) 
Wester blots of cell surface 
biotinylation probed for 
AQP4. D) Relative water 
permeability calculated 
from the individual t1/2 
normalized to the cell 
surface AQP4 expression. 
I128T, D184E, I205L and 
M224T had lower water 
permeability relative to 
reference, reduced to 48.3% 
± 11.5%, 36.3% ± 8.1%, 
25.6% ± 5.8%, and 31% ± 
5.6% respectively 
(p<0.001). 
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The total protein expression levels assessed by Western blot were 

comparable among reference and mutant proteins (Figure 13 A). To control for 

loading, blots that were stripped and reprobed for the intracellular enzyme GAPDH 

showed no signal differences in 

each sample. We next assessed 

the effects of the nsSNPs on 

protein function by measuring 

water permeability using a cell 

swelling assay (Verkman et al 

1989; van Hoek et al, 1992) 

where the suspension of cells are 

subjected to an osmotic challenge 

and the dynamics of cell swelling 

is followed based on the change in 

light scattering of the cell 

suspension. The measurements 

resulted in swelling curves as 

shown in (Figure 14 A).  

The measurement procedure is 

represented in Figure 14 B. From 

the curves we identified the t1/2 

by fitting the curve to a single 

exponential equation. 

Permeability was calculated based 

on t1/2 as described previously 

(Verkman 2000) with 

modifications by incorporating 

cells surface protein 

concentration (assessed by cell 

surface biotinylation: Figure 14 

C) into our calculations. Cells 

transfected with reference and all mutant proteins swelled significantly faster than 

untransfected cells, as expected. Previous work has shown that AQP protein 

 
Figure 15. Increased water permeability in the  
AQP4 M278T variant. A) representative light 
scattering curve for the CHO cell suspensions 
transfected with the empty vector, AQP4 and 
the M278T variant. B) Western blots 
quantifying surface protein expression of AQP4 
M278T. C) Relative water permeability 
calculated from the individual t1/2 and 
normalized cell surface AQP4 expression. The 
M278T variant showed increased relative water 
permeability (138.1 ± 9.0%, p<0.001). 
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expression directly correlates with the overall water permeability of the cell 

membrane (Yang et al, 1997). To take this into account, we calculated relative water 

permeability by normalizing the permeability against values of cell surface AQP4 

protein quantified by cell surface biotinylation (Figure 14 C). We found that the 

nsSNPs found in our cohort (I128T, D184E, I205L and M224T) had lower relative 

water permeability, reduced to 48.3% ± 11.5%, 36.3% ± 8.1%, 25.6% ± 5.8%, and 

31% ± 5.6% of reference AQP4 respectively (p<0.001 for each) (Figure 14 D). 

Interestingly, the variant predicted by SIFT to be most deleterious, based on 

evolutionary conservation, was I205L which did in fact produce the greatest reduction 

in water permeability (p<0.001). On the other hand, the previously reported M278T 

variant in the C-terminal domain showed similar expression and localization and 

increased relative water permeability (138.1 ± 9.0%, p<0.001) (Figure 15). 

 

R.4 Astrocyte swelling in seizures is related to altered GJ phosphorylation. 

 

Using a well-established model of brief acute seizures, we followed the expression of 

the astrocyte specific GJ protein connexin 43 on western blot (Figure 16). The 

different forms of connexin 43 were identifiable based on their different migration: 

the two phosphorylated forms, P1 and P2, migrated at 44 kDa and 46 kDa, 

respectively, while the non-phosphorylated protein (NP) was detected at 42 kDa. The 

phosphorylation status of the identified forms was confirmed with digestion of 

samples with alkaline phosphatase that produced a single NP band (insert). The 

 

Figure 16. Expression of connexin 43 protein in 
the cerebral cortex following brief acute seizures. 
(A) Representative blots demonstrating the 
phosphorylation- dephosphorylation of 
connexin 43 isoforms. The P2 (46 kDa), P1 (44 
kDa) and non-phosphorylated (NP, 42 kDa) 
forms were were detected in the control lysate 
(left), whereas only the NP form was present 
(right) following alkaline phosphatase treatment 
(Alk.). (B-D) Original blots demonstrating 
expression of the phosphorylated and non-
phosphorylated forms of connexin 43 at 1 (B), 3 
(C) and 24 h (D) following seizure induction. 
Dephosphorylation is visible at 3 and 24 h in 
convulsing animals (4-AP) compared to controls. 
(E) Summarised data of the changes in the 
phosphorylation of connexin 43 following 
seizures. Note the decrease in phosphorylation 
rate at 3 h, which remains significant at 24 h. 4-
AP, convulsing animals; control, animals injected 
with saline; means °æ STDEV, n=5, p=0.0017 at 
3 h; p<0.01 at 24 h. 
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phosphorylation status of connexin 43 was unchanged at 1 h (Figure 15B), but 

at 3 h (Figure 15C) following 4-AP treatment there was an ~50% decrease (p=0.0017) 

in the ratio of phosphorylated versus non-phosphorylated connexin 43 forms in the 

epileptic animals. Surprisingly, this dephosphorylated status persisted until 24 h post 

seizure as a significant ~10% reduction in phosphorylation.  

 

To clarify the relation between NMDA receptor activation in 4-AP seizures and the 

subsequent phosphorylation changes of connexin 43, the NMDA antagonist MK-801 

was applied prior to seizure induction. This pre-treatment resulted in a decrease in 

connexin 43 dephosphorylation at 3 h (Figure 17A and B), suggesting that the long-

lasting seizure effect was the result of  NMDA-dependent mechanism. To relate the 

phosphorylation status of Cx 43 to cell swelling, in our next experiment we measured 

the area of perivascular astrocyte processes at baseline, following 4-AP seizures with 

and without MK-801 pre-treatment was measured (Figure 17C and D). Baseline 

values of the astrocytic end-feet area in untreated animals were considered to be 

100% for the purposes of our analysis. A 464% ± 85 increase in the size of the end-

feet compared to baseline was seen at 1 h following seizure induction, followed by a 

471% ± 104 and 392% ± 71 increase in size at 3 and 24h, respectively (n=29-34, 

p<0.001). Swelling was abolished by the application of MK-801 with 310% ± 59, 

292% ± 59 and 129% ± 45 end-feet areas in the 1, 3, and 24 h groups, respectively 

(n=28-32, p<0.001) (Figure 16 E), which essentially parallels gap junction 

phosphorylation status. 

 

Figure 17. Connexin 43 
dephosphorylation (A and B) and 
seizure-associated glial swelling (C and 
D) in the cerebral cortex can be reversed 
by MK-801 pre-treatment. (A) 
Representative blots showing the strong 
presence of phosphorylated connexin 43 
after MK-801 pre-treatment 3 h 
following seizure induction. (B) 
Summarised data from panel A blots 
(n=5; p<0.01). (C and D) Representative 
electron micrographs demonstrating 
perivascular glial swelling at 3 h post 
seizure induction (C), and reduced by 
MK-801 pretreatment (D). A, astrocyte 
end-feet; L, capillary lumen; asterisk, red 
blood cell. (E) Graph summarising 
percent changes in astrocytic end-feet 
area at 1, 3 and 24 h post 4-AP injection. 
Note the prolonged swelling, significant 
at 1, 3 and 24 h, and the protective effect 
of MK-801 (average °æ STDEV, n=27-
33; p<0.001). 
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Discussion 

 

Our study demonstrates novel mechanisms in the development of cytotoxic edema. 

We show the importance of gap junctions and AQP4 variants in cytotoxic cell 

swelling. Furthermore, we provided new evidence that two factors of cerebral edema 

development, the microcapillary compression and slowed ECS diffusion are results of 

AQP4 dependent astrocyte swelling. 

 

D.1 Slowed ECS diffusion is related to AQP4 dependent astrocyte swelling. 

The swelling of CNS cells in cytotoxic brain edema takes place at the expense of 

brain extracellular space (Hrabetova et al, 2003; Kume-Kick et al, 2002; Binder et al, 

2004; Zador et al, 2008). Such contraction of brain ECS result in the impaired 

diffusion of ions, metabolites, macromolecules and drugs. Osmotically induced 

swelling in slices demonstrated a linear relationship between the reduction of 

extracellular space volume fraction (percent of brain tissue volume occupied by the 

extracellular space) and the solution osmolarity in hyposmotic condition (Kume-Kick 

et al, 2002). In vivo measurements show the baseline value of ECS fraction to be 

~20%, which dramatically decreases during pathologies such as prolonged seizure 

(Binder et al, 2004), cortical spreading depression (van Harreveld and Khattab, 1967) 

as well as cytotoxic edema. The current methods are only capable of measuring the 

diffusion of TMA, a biologically irrelevant ion in deeper cortical layers and do not 

grant the option to follow the movement of fluorescently labeled macromolecules 

such as dextrans. Recent methodological advances granted the option of following 

diffusion of FITC tagged macromolecules in superficial cortical layers (Binder et al, 

2004; Thorn and Nicholson 2006) using integrated optic imaging (IOI) or the 

technique of surface photobleaching respectively. Here we present a new method 

using microfiber optic, that allows measurement of macromolecular diffusion in deep 

brain structures. Our results show a marked impairment of diffusion in cytotoxic brain 

edema with dextrans, in accordance with previous studies of TMA and IOI. Our 

results also show that delayed cell swelling seen in AQP4 deficient mice translate into 

a delayed slowing/preservation of ECS diffusion in the deep layers of the cerebral 

cortex. These results imply, that similarly to superficial layers of the cortex the 

deletion of AQP4 helps maintain extracellular diffusion in cytotoxic edema by 

impairing astrocyte swelling. Another benefit of the current method is that it grants 

access to deep brain structures and as such could be used in studying the relation of 
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ECS changes in seizures, cortical spreading depression and other 

neuroexcitatory processes in areas such as the hippocampus or basal ganglia. Another 

utilization of the method is studying the structure of deep tumors or other focal 

pathologies in the brain parenchyma. 

 

D2. Microcapillary compression is related to AQP4 dependent astrocyte swelling. 

Our experiments encompass another effect of astrocyte swelling, which is less 

anticipated by our clinical thinking. The perivascular astrocytic foot processes have 

been demonstrated as the predilectional site of swelling in cytotoxic edema. 

Interestingly enough, this happens to be the locus of polarized AQP4 expression. The 

structural molecule alpha syntrophin has been shown to anchor AQP4 at this site 

(Amiry-Moghaddam et al, 2004a; Bragg et al, 2006; Neely et al, 2001). The deletion 

of alpha syntrophin results in the depolarization of AQP4 channel (Amiry-

Moghaddam et al, 2004b) as shown by immunogold electron micrographs. 

Subsequent studies have show the mice lacking alpha syntrophin to be phenotypical 

equivalents of AQP4 deficient mice, underlining the importance of the polarized 

expression of AQP4 at astrocyte end feet.  

 
Figure 18: The role of AQP4 in two mechanisms related to cytotocxic brain edema. The 
contraction of extracellular space and the compression of microcapillaries is a result of AQP4 
dependent astrocyte end feet swelling, proven using a transgenic mouse model in Aims 1 and 2. 
A, B: Baseline ultrastructure and overlay schematic demonstrating open intercellular space gaps 
and lakes as well as a patent capillary lumen. C and D: Closed ECS (assessed by FRAP method 
in the current thesis) and collapsed microcapillary.   
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Using transmission electron microscopy, we demonstrated the swelling of 

perivascular astrocytes and their compression of microcapillaries in the penumbra of a 

focal cortical injury, 6 hours following the impact. In parallel experiments, matching 

AQP4 deficient mice showed reduced perivascular astrocyte swelling, in accordance 

with experiments of cytotoxic edema (Manley et al, 2000). Concomitantly, we found 

the significant decrease of microcapillary compression in AQP4 deficient mice 

compared to wild-type littermates.  

We demonstrated AQP4 to be responsible for the microcapillary compression 

described in cerebral edema. The relevance of this finding is that in addition to 

astrocyte foot process swelling, the development of cytotoxic brain edema is known 

to be paralleled by the progressive reduction of cerebral blood flow (Yamaguchi et al, 

1994). Another set of experiments demonstrated that in moderate levels of cytotoxic 

edema CBF is reduced independent of ICP (Meinig et al, 1973), suggesting that 

microvascular compression increases the resistance of the cerebral vasculature and as 

such it impaired CBF independently of ICP elevation that opposed CPP. Therefore 

interventions inhibiting AQP4 function could help augment CBF in brain edema. 

 

D3. Frequent variants of AQP4 modulate osmotic cell swelling 

Cytotoxic brain swelling is present in early ischemic stroke and brain trauma, as well 

as metabolic disturbances and water intoxication. The major discrepancy between the 

extent of ischemic or traumatic brain injury and the accompanying clinical picture is a 

puzzle encountered in every day medical practice. This introduces difficulties in 

predicting clinical outcome as well as choosing the therapeutic protocol in the 

treatment. Recent results illuminated variations in the AQP4 gene as a cause of the 

diverse clinical course in malignant MCA strokes (Kleffner et al, 2008) and cerebral 

trauma (Romeiro et al, 2007). But till now, none of the studies have tested the 

functional impact of AQP4 variants on channel water permeability. Our current study 

identified and tested the function of single nucleotide polymorphisms (SNPs) of 

AQP4. Water permeability was reduced in four of the variants, while one mutation 

resulted in enhanced water transport. Using cell surface biotinylation experiments, we 

found increase in the membrane pool of this latter variant suggesting the reduction of 

protein turnover. The role of AQP4 is on one hand to facilitate the development of 

cytotoxic edema, but on the other hand, to help the clearance (decrease) of vasogenic 

edema. We may need to include the functional significance of AQP4 variants into our 

clinical thinking and management of cerebral edema, and we also need to separate the 

binary effects of AQP4 in specific brain pathologies. 
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D4. Modulation in gap junction phosphorylation is associated with cytotoxic 

astrocyte swelling following seizures 

Diffusion Weighted Imaging demonstrated slowed diffusion following seizures and 

subsequent electron microscopy showed widespread astrocyte swelling which is 

considered to be the hallmark of cytotoxic brain edema. The metabolic burden of an 

epileptic seizure together with the release of neurotransmitters and ions such as 

potassium create an osmotic drive for water to enter the cell and result in swelling. A 

line of studies demonstrated the high water permeability of astrocytes first in vitro 

(Solenov et al, 2004; Yang et al, 1997), and most recently in vivo two-photon 

microscopy has shown rapid swelling of astrocytes in hyposmotic conditions (Nase et 

al, 2008). Astrocytes harbor numerous ion transport mechanisms to regulate their 

volume (Chen et al, 2005; Kimelberg et al, 2006) and compensate for pathological 

volume changes. Evidence suggests that they do not only function as individual units 

in compensating cytotoxic swelling, but also as a cellular network that traffics ions 

and neurotransmitters via low resistance intercellular GJs. (Wallraf et al, 2006). The 

regulatory decrease in the phosphorylation rate of GJ subunit connexin 43 has been 

demonstrated in conditions reconstituting a seizure-like environment (high K and 

glutamate) (Nagy et al, 2000), which also resulted in the decrease of cellular coupling. 

Our present study is the first to demonstrate the dephosphorylation of connexin 43 in 

parallel with cytotoxic astrocyte swelling. Based on this we propose, that the closure 

of intercellular gap junctions essentially isolates individual astrocytes and thus 

impairs compensatory water trafficking out of the swollen cells via the astrocyte 

network. From This observation further emphasizes the role of gap junction protein, 

connexin 43 in cytotoxic brain edema and in facilitating the related compensatory 

mechanisms of ion and water transport.  
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Conclusion 

 Astrocyte network in cytotoxic edema is related to the dysfunction of their multi 

cellular networks, which results in impaired ECS diffusion and cerebral 

microcirculation (Figures 19, 20) 

The current thesis uncovers new mechanisms of cerebral edema: that the long 

described phenomenon’s of brain extracellular space contraction and microcapillary 

compression is a result of AQP4 dependent astrocyte swelling (Figure 18). We also 

introduced new cellular concepts regarding the mechanisms of cytotoxic brain edema: 

the contribution of regulatory changes in gap junction protein connexin 43, and 

variants of AQP4 both impact astrocyte swelling. Based on our results we also 

demonstrate the validity of the concept of the astrocytic network acting as a functional 

syntitium in trafficking water in cerebral edema (Figure 19).  

These findings help us tailor our current view of cerebral edema in two main aspects: 

1) the development of cerebral edema is likely to be enhanced by a) altered aquaporin 

4 permeability due to single nucleotide polymorphisms, b) closure of gap junction due 

Figure 19: Astrotyes act as a multicellular unit (cellular network) in the development of 
cytotoxic edema (Aims 3 and 4): the concept of serial water trafficking interfaces of 
astrocytes consisting of AQP4 (BBB interface) and gap junctions (intercellular interface). 
A: fluorescent stain (Zador non-published) detecting astrocytes (GFAP stain) and the 
capillary bed (lectins stain). Note the perivascular processes hugging the capillary lumen 
and the arborization of astrocyte processes interconnecting adjacent cells. B: Overlay 
schematic of “A”  (left) with blue continuous arrow outlining the theoretical flow of water 
through the cellular network. Insets demonstrating the polarization of AQP4 at 
perivascular foot processes of the blood-brain barrier (right top) and the intercellular 
junction of astrocytes (right bottom). Blue arrows and interrupted blue line defines the 
direction of water flow across the cell membrane. 
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to dephosphorylation. 2) The astrocyte swelling related to these functional 

changes are A: impaired diffusion of macromolecules/drug carriers deep in brain, B: 

impair cerebral perfusion due to microcapillary compression. Our current therapeutic 

thinking should therefore consider: 1) detecting AQP4 variants in head trauma 

patients, 2) modulate gap junction function 3) the employment of small molecular 

carriers that penetrate contracted ECS 4) the use of artificial small oxygen carriers 

that pass through the compromised capillaries (Figure 20). 

Figure 20. Therapeutic relevances of the current thesis. The astrocyte swelling related to 
AQP4 and Cx 43 translates into A: impaired diffusion in brain due to ECS contraction, which 
implies the use of small drug carriers versus larger ones (left inset; physiological condition, 
right inset cytotoxic edema) B: Impaired cerebral perfusion due to microcapillary 
compromise, suggests the employment of small oxygen carriers. (bottom inset (2); 
physiological condition, top inset (1) cytotoxic edema) 
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